The safety of commercial light-water nuclear plants is highly dependent on the structural integrity of the reactor pressure vessel (RPV). In the akmce of radiation damage to the RPV, fracture of the vessel is diffiult to postulate. Exposure to high energy neutrons can result in embrittlement of radiation-sensitive RPV materials. The I-Iea~-Section Steel Irradiation
INTRODUCTION
The degrading &e& of neutron irradiation on carbon and low-alloy pressure vessel steels have been recognized and investigated since the early 1950s. In those steels at light-water-reactor (LWR) operating temperatures (-288"C), radiation damage is produced when neutrons of su5cient energy displace atoms from their lattice sites. The defects formed in the steel as a result of those displacements typically cause hardening and a decrease in toughness. Tensile behavior exhibits an increase in yield strength, a decrease in the ultimate to yield strength ratio, and a loss of ductility as measured by specimen elongation. The decrease in toughness is most commonly represented by an increase in the ductile-brittle transition temperature and a decrease of the uppershelf energy as measured by the Charpy V-notch (CVN) impact test. The synergistic effects of neutron fluence, flux, and spectrum, the irradiation temperature, and the chemical composition and microstructure of the steel must be understood to allow for reductions in unwtaintiesassociated with the development of predictive models. When the Heavy-Section Steel Technology (HSST) Program was initiated in 1967, irradiation effects was one of the designated major topics of investigation. F 1989, the HSST Program irradiation effects task was organized into a separate Heavy-Section Steel Irradiation (HSSI) Program, and all the irradiation series are now referred to as HSSI Progmm Series, e.g., HSSI Program Irradiation Series 2 and 3.)
It was weU recognized that the effects of irradiation could degrade the materials, but definitive effects on fracture properties, especially in thick sections, were not available. At that time, the field of fracture mechanics was in the early stages and even the amount of data on other material properties under LWR conditions was deficient. During the intervening time, "Title 10," Part 50 of the Code of Federal Regulutims (IOCFRSO) evolved to include requirements for fracture toughness of reactor pressure vessels (RPVs). Those requirements include surveillance testing: CVN specimens are required, tensile specimens are recommended, and fracture toughness specimens are required ifthe surveillance materials are predicted to exhibit marginal properties. Furthermore, 1OCFR50 requires prediction of radiation effects using Reguhory Guide 1.99 (Rev. 2 ) and, if those predictions indicate unacceptable end-of-life toughness, the vessel must be. designed t o accommodate thermal annealing. Additionally, criteria are specified for toughness transition t e m p t u n s which, if attained by the surveillance tests, nquin plant-specif* analyses to demonstrate adequate protection against pressurized thermal shock. experimental investigation and verification of the irradiation-indud loss of fracture resistance in critical reactor vessel materials, with an emphasis on applicability of results from small and moderate sized specimens to the thick sections used in reactor pressure vessel (RPV) c4msbuctioq experimental verification and expansion of existing data on annealing recovery and subsequent reembrittlement in critical pressure vessel materials to provide a validated basis for remedial actions for severely embrittled vessels; coordinated, advanced microstructural examinations and physically based theoretical model development of controlling microstructural mechanisms to provide improved predictions of macroscopic embrittlement; verification of predictions of radiation-induced damage by examination of materials exposed during actual service; and maintaining the supply of correlation monitor material used for validating results of worldwide irradiation surveillance programs. This paper describes the HSSI Program activities by summarizing some past and recent results, as well as current and planned studies.
HSSl PROGRAM IRRADIATION STUDIES
In 1972, following the completion of irradiation studies already under way when the program was initiated, the HSST Program began a series of irradiation experiments in response to the need for information regarding the effects of neutron irradiation on the mechanical properties, particularly fracture toughness, of light-water nuclear RPV steels Much research had already been performed in the a m of bnear4adc hcture mechanics for unirradiated materials, and, for these conditions, the e f f i of specimen size and temperature were known. The Welding Research Council (WRC) published WRC Bulletin 175 in August 1972 and established a reference stress intensity 0 curve that was constructed as a lower bound to &, I & , and K,, data available for A 533 grade B class 1 and A 508 steels. This curve was incorporated into the ASME Boiler and Pressure Vessel Code and is used as a guideline for operation of reactors to provide protection against nonductile failure. The effects of irradiation on initiation fracture toughness ( I & and K,,,) were not well understood and there was no such information on crack-arrest toughness (KJ.
The irradiation effects research currently includes eleven separate major experimental series, six have been completed, two are active, and three are under planning. Additionally, a major task on the investigation of microshuc tutal changes induced by irradiation and the modeling of their effects was initiated in 1989 to provide a better understanding of the metallurgical mechanisms governing anbrittlement. This Section briefly summarizes the various completed, ongoing, and future series as well as the results from the microstructural analysis and modeling work. Major attributes of all irradiation series are described in Table 1 .
The fyst four irradiation series dealt with dynamic fiacture, ductile tearing resistance of low upper-shelf GUS) welds, and fracture toughness of welds fabricated using current welding p t i c c . series 5 and 6 incorporated a large number of small and large specimens (up to 203-mm-thick compact specimens) of two welds to provide a basis for statistical analyses used to determine the temperature shiA and shape of the postirradiation & and IC, curves. Series 7 examined the overall irradiation-induced degradation of stainless &el cladding. Series 9 is examining the effects of thermal annealing with particular emphasis on reembrittlement rates and the relationship between the amount of recovery measured by impact testing as compared to fracture toughness recovery. Series 10 is examining the overall fracture toughness of a commercial LUS weld from the Midland The results from those early programs, however, were important in that they showed irradiation-induced degradation of fiacture toughness, a strong temperature dependence of postirradiation fracture toughness,and a need for larger specimens (Whitman, 1986) . Figure 1 shows some results from the Westinghouse program (Mager, 1970). The highest fracture toughness values measured which satisfied the suggested ASTM criteria were about 82 MPaJm (75 ksiJin). The PNL program determined that the doublecantilever beam specimen offered no advantage over the compact specimen geometry in terms of irradiation experiments and, more importantly, that the measuring capacity of the compact specimen was higher for a given thickness. It also showed that the I<I, temperature shift was about the same as the CVN 41-J (30-ft-lb) shift and that postirradiation annealing of tensile specimensat 385°C (725OF) resulted in significant recovery of properties (Whitman, 1986) .
Series 1 -Dynamic Fracture T o u a h n e s s Using
Larae Specimens
The objective of Series 1 was to veri@ that high values of fracture toughness under dynamic (high loading rate) conditions could be achieved in material irradiated to typical reactor vessel end-of-life neutron fluence [=2 x 10'' neutronslcm' (' 1 MeV)]. The irradiation (Davidson et al., 1976) .
A critical h t o r in the performance of these irradiations was the development of a capsule for the specimens that would minimize temperature and neutron fluence gradients in the specimens. The internat gemation of heat due to gamma ray exposure was overcome by incorporation of flowing gas through gas gaps to reject heat and electrii heaters to control the temperature gradient through the specimen thickness. Later improvements in capsule design incorporated a separate gamma shield and controllable zoned heaters to provide e x d e n t temperature control. This series also demonstrated that large specimens could be irradiated to reactor vessel end-of-life fluences in a practical manner and with acceptable control of temperature and fluence gradients.
S e r i e s 2 and 3 -Ductile Shelf Fracture T o u q h n e s s with 4TCffl
In late 1%8, Potapovs and Hawthorne (1968), (1 969) had reported ha! some residual elements, particularly copper, increased irradiation sensitivity. Until this time a number of vessels were fabricated with welds that contained high levels of copper from flashing on the weld wire. Not only was the susceptibility to irradiation damage enhanced by the presence of the copper, but the materials also exhibited low upper-shelf toughness, with projections of large decreases in ductile toughness from the projected neutron fluences before end of life. The levels were predicted to go below the 68-J (50-f€-lb) Charpy energy level, which would require special analysis in accordance with IOCFR50, Appendix G, Fracture Toughness Requirements. Irradiation Series 2 and 3 were initiated in November 1975 to investigate the postirradiation ductile fracture toughness of these LUS welds and were to include the use of large fracture mechanics spximens. Six submerged-arc welds were supplied by Babcock and W h x CQ. and one weld WBS supplied by Westinghouse, all fabricated with copper-caated wire and Linde 80 flux. Mean copper contents ranged from 0.21 to 0.42 wt %. In addition to the capsule fabrication and i n x l i a h requirements, a separate and complicated objective was the development of experimental procedures for obtaining as much data as practicable from each specimen to facilitate ductile instability analyses. Considerable effort was expended by many organizations in concluding that the single specimen unloading compliance procedure should be used to obtain J-integral resistance (J-R) curves (Whitman, 1986 ).
The irradiation and testing program included CVN, tensile, precracked CVN, O.ST-, 0.8T-, 1.6T-, and 4TC(T). The irradiation temperature at the crack-tip region on the 4TC(T) was controlled at 288°C (SSO'F), while the temperatures for the smaller specimens, located in the notches and pinholes of the large spe'cimens, varied significantly. Fluenccs &ed from 0.4 to 2.1 x 10'9neutrondcmf (>1 MeV).
The two test series produced very valuable data directly dated to s&uctural integrity adyses of reactor pressure vessels containing LUS welds in regions of high neutron flux. Their results can be summarized as f & w (1) a data base of J-R curves for irradiated low upper-shelf welds was established for use in elastic-plastic fracture mechanics analyses of reactor pressure vessels; (2) irradiation to 1 x 10'9neutrondcm' (>1 MeV) substantially decreased both the ductile initiation toughness, J, , and tearing modulus; (3) the tearing modulus is a more discriminating indicator of degradation than JG (4) no specimen size effects were observed for irradiated LUS welds; ( 5 ) a correlation was developed between J-R curve parameters and CVN upper-shelf energy which offers potential for use in interpretation of surveillance data from CVN specimens, and (6) the CVN results showed Regulatory Guide 1.99 to be generally conservative for these test reactor irradiations (Hiser et al., 1984) , (Hiser et al., 1985) , (McGowan, 1985) . (Nanstad and Berggren, 1993) . Figure 3 shows an example of the irradiation-induced degradation of J-R curves for one of the welds.
Series 4 -Fracture T o u g h n e s s of State-of-the-Art Welds Series 4 was also a ductile-shelf study, except that the submerged-arc welds examined were fabricated with lowcopper content and current-practiw welding procedures, using the same plate material (HSST Plate 02) used in Series 1. Low upper-shelf materials from the Federal Republic of Germany were also included in this study. Series 4 included only lTC(T) in addition to the Charpy and tensile specimens. Sufficient specimens existed to perform statistical analyses of the results, a factor that was lacking in the previous series. Series 4 demonsbated that b w a p p e r submerged-arc welds fabricated with current practices show relatively small radiation-induced shifts of fracture toughness and little or no decrease of ductile fracture toughness, Jk and tearing resistance (Berggren et al., 1985) , (McGowan and Nanstad, 1987) . Figure 4 shows a typical result for one of the welds. These data show that state-of-the-art weldments can be produced that have virtual immunity to radiation damage, and inherently high levels of fracture toughness can be expected throughout the design lifetime ofthe plant.
Series 5 and 6 -K, a n d K. Curve Shift a n d S h a p e To account for the effects of neutron irradiation on toughness, the initiation and mest fracture toughness-Curves as described in Sect. XI of the ASMEBoiler and Pressure Vessel Code rn shifted upward in temperature without change in shape by an amount equal to the shift (plus a margin term) of the CVN impact energy curve at the 41-J (30-ft-lb) level. Such a procedure implies that the shifts in the fracture toughness curves are the Same as those at the CVN 41-J (30-ft-lb) energy level, and that irradiation does not change the shapes of the fracture toughness curves.
The objectives of the Fifth and Sixth Irradiation Series were to determine the Kk and & curve shifts and shapes for two irradiated high-copper (0.23 and 0.3 1 wt VO) submerged-arc welds (72W and 73W, respectively). The copper was added to the weld metal melt before the material was drawn into wire to provide a uniform copper content in the weld metal, compared to the less uniform distribution obtained with copper-coated wire. Irradiations were performed at (Iskander et al., 1990) , (Iskander et al., 1992) , (Iskander ctd., 1994) . Similar shifts were measured at the 41-J (30-R-lb) level for CVN specimens and the 100 MPaJm-(91 ksiJin.-) level for &. Figure 6 shows a comparison of the fracture toughness and crack-arrest toughness for the combined irradiated data for 72W-and 73W normalized to theRT, .
The mean irradiated Kk curve has been shifted much closer to the irradiated K, curve than is the case for the unirradiated conditions. The fact that the average separation in initiation and arrest toughness at any given temperature is reduced in the bdiated condition may help explain the enhanced propensity for pop-in events during the initiation fracture toughness tests that was observed following irradiation.
Series 7 -Reactor Vessel Stainless Steel Cladding
The objective of Series 7 is t o evaluate the postirradiation properties, including fracture toughness, of the stainless steel cladding applied to the inside surfaces of LWR vessels. Cladding is applied to reactor vessels primarily to protect the coolant from contamination by cormsh products. Analyses of certain thermal shock scetiarios have been inhibited by a lack of information regarding the fracture nsistanct of the cladding. Series 7 investigated irradiation effccts on stainless steel claddings representative of thost used in carly pressurized water reactors (PWRs). The series was conducted in two phases with the phases being distinguished primarily by the cladding fabrication method.
The materials were austenitic stainless steel claddings deposited on A 533 grade B class 1 steel plate using two weld cladding procedures.
The fabrication techniques and postweld heat treatments duplicate commercial procedures as closely as possible. However, to permit fabrication of mechanical test specimens of the cladding, multilayer depositions were utilized to provide a cladding thickness of =I5 mm (0.6 in.). The two weld cladding procedures chosen for Series 7 are the singlewire oscillating submerged-arc procedure (Phase 1) and the threewire series-= procedure (Phase 2).
In Phase 1, the first layer of cladding was deposited using type 309 weld wireand subsequent layers using type 308. Very high heat input during application of the first layer resulted in substantial base metal dilution (up to SO.?), and the effects on properties were significant. CVN and tensile specimens were irradiated at a nominal temperature of 288OC (550°F) to a fluence of about 2 x neutrondcd (>I MeV). CVN and tensile tests showed that the highly diluted cladding layer (adjacent to the base metal) experienced substantial radiation damage, while the cladding layers not diluted with base metal showed almost no effects of irradiation (Corwin et al., 1984) . The ductilebrittle transition behavior exhibited by the stainless steel cladding was caused by failure of the delta-ferrite phase at lower temperatures (Cowin et al., 1985) .
In Phase 2, a threewire series-arc procedure was used. Irradiations were conducted at a nominal temperature of 288OC ( 5 5 O O F ) to fluencesofabout2 and 5 x 1019neutrondcm2. CVN, tensile, and 0.5T compact specimens were machined from the three-wire cladding. The CVN energy of the three-wire cladding exhibited transition temperature shifts of 13 and 28OC (23 and 50°F) at 2 and 5 x respectively. The CVN upper-shelfenergy decreased by 15 and 22% at the low and high fluences, respectively. The 0.5T compact specimens showed consistent irradiation-induced decreases in both the band the tearing modulus (Haggag et al., 1990) . Figure 7 shows the effect of irradiation on the CVN impact lateral expansion of the three-wire cladding. Because thermal aging at relatively low temperatures (e.g., 343°C) has been shown to significantly degrade the Charpy impact toughness of type 308 stainless steel welds (Alexander et ai., 1990) , the effects of thermal aging at reactor operating temperatures on the stainless steel cladding are being investigated. Thennal aging at 288°C for 1605 h (qual to the irradiation time in the test reactor for 5 x lOI9 neutrondcm2 (>1 MeV)] resulted in appreciable decrease (16%) in the CVN upper-shelf energy, but the effect on the transition temperature shift was negligible (Haggag and Nanstad, 1992) . The same cladding has also been aged for 20,000 h but the results are not yet available. Furthermore, the material is undergoing further aging to 50,000 h.
The results of Series 7 can be summarized as follows: (1) yield strength of both singlewire and three4re series-arc stainless claddings were increased by irradiation at prototypic LWR conditions;
(2) the CVN toughness of good quality stainless steel claddings is somewhat degraded by irradiation while highly diluted cladding exhibits very poor toughness and is significantly degraded by irradiation; (3) thermal aging at the same temperature and time of inrrdiation indicated a significant effect on upper-shelf toughness and fomration and ooekscence leading to low energy tearing on the ductile shelf may likely rcsult in different behavior in the ductile-brittle hansition region as well. It is the effcct of irradiation on the transition region fracture behavior of these materials which is of concern in Series 8, and direct comparisons will be made with the results of Series 5 and 6.
Series 8 is currently in the planning stage. Materials are being developed and it is anticipated that one or more weldments with copper content in the range 0.20 to 0.40 wt % will be utilized. The irradiation conditions for this series will be similar to those of Series 5 and 6: an irradiation temperature of 288OC (SSOOF) and a target fluence of 1.5 to2.0 x 10'' neutrondcm' (21 MeV).
Series 9 -Annealing Effects in LUS Welds
The primary objective of Series 9 is to validate the effectiveness of thermal annealing in mitigating irradiation-induced degradation of thick-section reactor vessel steels to include reirradiation response. It has been well established that postirradiation thermal annealing at t e m p t u r e s in excess of the irradiation temperature can result in significant recovery of mechanical properties. Thermal annealing is being examined in specific cases as a means to restore reactor vessel safety margins and, m fact, IOCFRSO requires that PWRs predicted to reach the pressurized-thermal-shock (PTS) screening criteria before design W f U e be designed for incorporation of a thermal annealing procedure. Furthermore, annealing is one potential factor in plant life extension considerations. Annealing studies reported to date have used small specimens, e.g., CVN, OST-, and lTC(T). There is little information available regarding the relationship between CVN and fracture toughness recovery and less about their relative relationship during reirradiation. There are also concerns that the rates of reembrittlement of fracture toughness may be rapid enough to make annealing unattractive economically. Series 9 will examine these concerns. The relationship between fracture toughness and CVN results in the transition temperature and ductile-shelf regions will be investigated after annealing and during reirradiation. Series 9 is a relatively new activity. The materials being investigated include a number of materials examined in earlier series (2,3,5, and 6, in particular) for which untested, irradiated specimens remain, as well as the LUS weld from the Midland reactor. If the concerns descn'bed above warrant additional examination following the testing and evaluation of these existing program materials, then a more artensive i r r a d i i , annealing, and reirradiation will be conducted on the same LUS material being developed for Series 8. Figure 8 shows a recent resuH of aMealing weld 73W, the same weld used in the FiRh and sixth series.
The detailed specimen complement has not bcen fully planned fbr this series but will, of course, include CVN, tensile, and fractwe toughness specimens. The initial irradiation conditions for seria 9 wi U probably be the same as for Series 5,6, and 8, with an irradiation temperature of 288°C (SSOOJ?) and a target fluence from 1.5 to 2.0 x 10'9neutrondcm2 (>1 MeV). The t h d annealing temperature will be concentrated at 454OC (85OOF) with some additional work at lower temperatures. Reirradiation would be Tensile and fracture toughness properties were determined on n d and beltline weld metals at six temperatures ranging from -100 to 288OC (-148 to S O O F ) . The yield strength of the nozzle weld metal was significantly higher than that of the beltline weld, on the order of 100 MPa (14 ksi). All the fracture toughness tests to characterize the unirradiated material, using compact specimens ranging up to 101 mm (4 in.) in thickness, have been completed. Data to characterize the fracture toughness ductile-to-brittle transition behavior were evaluated using a test standard currently under development by the ASTM. This involves the determination of the position of a median fracture toughness transition curve (master curve), using only the data from six O.STC(T) specimens, all tested at the same temperature, to compare with data from large specimens. The "reference temperature" for the master curve was found to be -6OOC (-76OF) for the beltline weld and -33' C (-27OF) for the nozzle weld. This appears to agree well with the fact that the mean fracture toughness vs temperature behavior for the beltline weld is higher than for the nozzle weld (McCabe et al., 1994) .
The irradiation of the Midland weld is in progress. The exposure of two of the four small and the two large irradiation capsules, containing tensile, CVN, and hcture toughness specimens, to the target f l u e m of 0.5 and 1.0 x IO'' neutrondcm2 (>1 MeV) has been completed. Tern pe ra t u re ("C) Fig. 8 . Effmt oftliennal ainealiiig at454"C for 168 h on the Charpy impact energy vs test temperature for HSSI weld 73W irradiated at -288°C to -1.9 x lOI9 neutrondctn2(>1 MeV). Theannealing treatment resulted in essentially full recovery of the transition temperature and over-recovey of the upper-shelf energy relative to the unirradiated condition.
Two additional small capsula are planned with a target fluencc of 5.0 x 10" neulrondcm' (>1 MeV). Series 11 is currently in the planning stage. Materials are being identitied and it is anticipated that one or more plates will be u t i l i for testing and for the production of HA2 materials. The irradiation conditions for this series are anticipated to utilize an irradiation temperature of 288OC (SOOF) and a target fluence of 2.0 x lot9 neutrons/cm* (>1 MeV).
Microstructural Analysis And Modeling
The purpose ofthe microstructural analysis and modeling task is to address the fundamental mechanisms which cause irradiation-induced embrittlement in RFW steels and, based upon that understanding, develop physically based models that can predict the behavior of the steels, particularly for combinations of material and exposure conditions for which direct experimental evidence is lacking. Since this activity was introduced into the irradiation effects studies, efforts have focused on the development of a model that takes into account the basic sources of embrittlement.
The embrittlement of irradiated RPV steels is believed to arise primarily from the hardening of the material due to the formation of extended defects that act to impede dislocation motion.
Radition-induced point defect clusters (PDC) and radiation-enhanced, copper-rich precipitates (CRP) provide two plausible sources for this matrix hardening. These PDC can be of either interstitial or vacancy type and could exist in either two-or three-dimensional morphologies, e.g., small loops, voids, or stacking fault tetrahedra. The formation and evdution of PDC are primarily determined by the displacement damage rate and irradiation temperature. There is experimental evidence that the sb;e distributions of these clusters are also influenced by impurities such as copper. The theoretical model that has been developed, based on the kinetic rate theory, investigates the relative importance of PDC and CRP in RPV embrittlement (Stoller, 1992) , (Stoller, 1993) , (Stoller, 1994) . The model includes a detailed description of the interstitial cluster population; vacancy clustering and copper precipitation are treated in a more approximate fashion. Guidance in the choice of clustering parameters was provided by current work investigating cascade evolution in iron using molecular dynamics @ID) simulation. rise to the observed hardening could significantly limit CRP growth by suppressing radiationenhanced diffusion. The simple estimate of the effect of the CRP sink strength can also be used to infer that the impact of other radii-induced and radiationenhanccd phases could be significant. This observation, along with the effect of dislocation density predicted by the model, highlights the need for more detailed microstructural characterization of RPV steels.
The inagnitude of the predicted changes in yield strength due to the formation ofPDC is sufficiently large to warrant more investigation of their influence. Their behavior could be particularly important in understanding and predicting the behavior of RPV steels under annealing and under subsequent reirradiation. The relative contribution of PDC and radiation-induced precipitates, and their thermal stability, needs to be determined for all the radiatiodannealing conditions of interest to LWR pressure vessels.
Experimental confirmation of the presence of PDC in the numbers and sizes predicted by the current model does not presently exist. Experiments are currently under way to address this need. These same experiments are intended to investigate the uncertainty in determining the dislocation obstacle strength for small PDC in iron-based alloys and hardening superposition laws in multicomponent microstructures. More high-resolution transmission electron microscopy and atom probe field ion microscopy work is needed to better quantify the precipitate sink structure in both irradiated and unirradiated materials because of the sensitivity of the calculations to these sink strengths. This microstructural information could be used to refine the model and the values of the parameters used. Further h4D studies are planned to help refine the primary damage parameters and point defect binding energies used in the model. The irradiation of large fracture mechanics specimens represents a major factor in the HSSI irradiation series. As stated earlier in this paper, specimens up to 4TC(T) have been irradiated and tested in this program. From a fracture mechanics perspective, much has been learned regarding specimen size effects, within the linearelastic regime ofcourse, but also within the elastic-plastic regime. 
Thermal Embrittlement of RPV Steels
A recent activity within the HSSI Program involved a preliminary review ofthermal embrittlement of RPV steels (Nanstad et ai., 1995) . There are observations of thermal embrittlement, but most of the data from the literature suggest no substantial embrittlement for typical RPV steels in the temperature range of interest for up to lO0,OOO h. Although there are uncertainties associated with some of those observations, the potential for thermal embrittlement for times up to 30 to 40 years cannot be dismissed based on the data available.
Furthermore, the known synergistic effects of copper and nickel, as well as nickel and phosphorus, do not allow us to assume that the observations from the literature are necessarily directly indicative of the entire range of materials of interest in U.S. RPVs. The review of potential mechanisms of thermal embrittlement concluded that such aging effects are possible under the conditions evaluated but may be tare and dependent on many factors. It is felt that independent aging effects should not be simply added to irradiation-induced embritt&ment. Additional studies are required to resolve these issues. f SUMMARY Thc H S T and HSSI hradion effects studies now span more than tvm decadesofinvestigations which have sought to validate irradiated reactor vessel behavior. All of the investigations have contributed results having significance to the integrity analyses of reactor vessels. The observations are summarized as follows:
1. Crack initiation fracture toughness can attain high values even after irradiation.
2. Fracture toughness vs. temperature curves are shifted to higher temperatures by irradiation; the amount of shin is a function of chemical composition (e.& Cu, Ni, P).
3. Irradiation can markedly reduce resistance to ductile tearing, even fw unirradiated welds with low tearing resistance.
4. Irradiation-induced decreases in ductile toughness and tearing resistance are roughly related to those observed for Charpy impact 5. The use of current welding practices and materials with low oopperand nickel contents significantly reduces the irradiated fracture toughness degradation.
6. Some stainless steel weld overlay cladding procedures can result in cladding that is significantly embrittled by irradiation. tough-. 11. ~t u d e x a m i n a t i o n s and modeling of the mechanisms that cause embrittlement are being developed to provide a means of correlating inadiation damage produced under different conditions and an improved method for the prediction of irradiation effects.
12. Although most of the data from the literature suggest no substantial thermal embrittlement for typical RPV Steets in the temperature range of interest for up to lO0,OOO h, the potential for thermal embrittlement for times up to 30 to 40 years cannot be dismissed based on the data available and mechanistic considetations.
Irradiation effects is a central issue in the safe operation of existing nuclear reactor vessels, for effective design of future vessels, and for potential extension of design lifetimes. Continued research to further understanding of inadiation effects and the underlying mechanisms of radiation damage is essential.
